This paper describes the TP&MS 45 MW Twin Pac, which consists of two counterrotating gas turbines driving one generator, and describes its development from the time of the first installed unit through March, 1972. The various applications and operating features of the unit are presented with a description of the major equipment which makes up the unit. It also discusses the installation features, including a new testing concept, and some of the problems that have been overcome in the design of the Twin Pac.
INTRODUCTION
In May 1970, Turbo Power and Marine Systems installed its first Twin Pac unit for the Detroit Edison Company. The Twin Pac, which is a major advancement in the application of gas turbines for generating electric power, consists of a pair of counterrotating industrial gas turbines driving a single generator and brushless exciter all on a common shaft, as shown in Fig. 1 . This basic twoengine plant, which was initially rated at a nominal 40 MW using the FT4A9 engine model, has since been uprated to 45 MW with the FT4A-11 and 49 MW with the FT4C-1. It is used as a building block for plant capacities of any size, the largest consisting of three, eight-engine units, with a total generating capacity of 480 MW.
Since the installation of our first 80-MW unit, we have installed an additional 38 Twin Pacs of various sizes for 15 different electric utility customers. The 38 units were built using a total of 75 basic Twin Pac modules in various combinations (ranging from two engines per unit to eight engines per unit) and produce a total of almost 3000 MW. A concrete 40 -mw Twin Pac is shown in Fig. 2 .
EQUIPMENT DESCRIPTION

Gas Turbines
The past proven high-performance FT4 prime movers, Fig. 3 , used in our Twin Pacs consist of a gas generator and a free turbine. The gas generator is performance tested on special "thrust stands" at full load. In the "thrust stand," the free turbine is simulated by special nozzles sized to correspond to the free turbine flow area, thus permitting power tests of the gas generator over the entire operating range. In a typical test, parameters, such as pressure, fuel flow, vibration, and oil consumption, are measured to assure that necessary performance parameters are met and The free turbine is spin tested by a workhorse engine to the overspeed point (4150 rpm) to assure that the turbine is running smoothly, the lubrication system is functioning properly, and the air seals are seated.
GAS TURBINE GENERATOR GAS TURBINE
Each engine is equipped with its own direct driven lubrication system, a duplex high energy (4-joule) ignition system, fuel system (including electronic fuel control), automatic anti-icing system, and starter system. The engine lubrication system, which utilizes synthetic lubrication oil, consists of a positive displacement main oil pump with an integral bypass valve which pumps the oil to the individual spraylubricated anti-friction bearings. The oil is I. Fig.4 Generator: This shows the air-cooled generator and the overhung exciter. It is mounted directly on concrete utilizing jacking screws with a top-mounted lead box for bus duct entry then scavenged within the various bearing compartments by shaft-driven gear pumps to a 17-gal external tank which is vented to atmosphere through an air/oil purifier. Utilizing a shaft-driven boost pump, the oil is pumped through an air/oil radiator, through an all-welded piping system, and then back to the main oil pump. Oil filters to remove particulates, as well as to purify the oil, have been added to later models. The lube system is protected by the normal complement of pressure and temperature switches, as well as a chip detector to monitor incipient bearing failures.
The 125-v dc ignition system consists of two redundant 4-joule capacitor banks and two ignitors mounted on the lower portion of the hot section of the engine. The engine has eight burner cans, six of which utilize crossover tubes for ignition.
The fuel system consists of the usual shutoff valves (two for redundancy), a fuel modulating valve, and electronic fuel control. The shutoff valves are pilot-operated solenoid valves. The modulating valve is electronically actuated in the A-9 series and hydraulically actuated in the A-11 and Cl engines. The A-11 uses oil from the FT4 lubrication system. The Cl uses fuel pressure. The fuel control senses the parameters of speed, ambient temperature, and real power, obtains input permissive signals from the sequencer, and controls the shutoff valves and modulating valve accordingly, continuously monitoring the position and rate of the control valve.
The automatic anti-icing system utilizes compressor discharge air at approximately 600 F and, through a motorized control valve, heats the hollow inlet guidevanes. The anti-icing air is then rejected to the primary air through the nose cone. The control valve is temperature controlled so that the valve is open over the temperature range of 23 to 57 F. The starting system is sophisticated by its simplicity. It consists of an air motor which is connected to the engine via an overrunning spring clutch and a shear shaft. The air motor, which can also utilize other gases, such as natural gas or steam, puts out a design torque of 210 ft-lb at 2250 rpm, or 90 hp.
The relatively low energy requirement allows the practical use of stored air (approximately 100 lb per start at 500 psi). The basic Twin Pac air storage system consists of two redundant 500-psi air compressors, adequate storage for four starts per engine, single-stage regulating valves which throttle the air to 40 psi, and a dehumidifier system which reduces the dewpoint to -20 F at atmospheric pressure to prevent corrosion of the air tank.
The free turbine is aerodynamically coupled to the gas generator and thus has inherent stable With modular silencing, this configuration is being adapted to NEMA "B" sound criteria non-stall characteristics with maximum torque at zero speed. This characteristic of the free turbine, combined with the highly responsible gas generator, provides excellent acceleration and load pickup capability.
The two-bearing, two-stage turbine drives a direct driven lubrication system as well as the main output shaft. The unique 8-ft-long output shaft has diaphragm couplings on either end which allow a significant misalignment without shaft vibration problems, just as the drive shaft on a car with its two universal joints.
Generator
The Twin Pac open air-cooled generator, shown in Fig. 4 , is rated at 46.5 mva for the FT4A-9, and is a two-pole, 13.8-kv, cylindrical rotor with direct air cooling, two journal bearing type with a direct connected brushless exciter. The generator is a double-ended unit capable of being driven from either or both ends. The bearings are of the bracket type, supported by the generator end plates, rather than of the pedestal type. This type of construction produces a short generator and reduces construction effort in the field. The drive-through exciter is coupled to the generator rotor by means of a rigid sleeve, with the exciter cantilevered outboard on one end. This feature eliminates a third flexible coupling and an additional bearing.
The ventilation system for generator cooling consists of two shaft-mounted axial fans, one at each end of the rotor, forcing air from the generator enclosure through the stator and rotor, before discharging via a top exit exhaust duct to a silencer mounted on the generator. The cooling air enters the generator enclosure through inlet silencers and then through steel mesh washable or disposable fiberglass filters and is pumped through the generator by the shaft-mounted fans.
The all-welded generator lubrication system, utilizing low-temperature mineral oil, consists of a 250-gal oil tank, an a-c driven primary oil pump with a d-c driven backup, an air/oil radiator with the necessary reflief valves, and protective devices. The bearing is protected primarily by temperature sensors in the babbit which is designed to limit a failure to only a bearing replacement. Vibration pads for monitoring bearing cap vibration are also supplied. In order to make the Twin Pac configuration simple, our design objective was to find a satisfactory coupling with no lubrication requirements. A coupling had to be capable of accepting one-half the thermal growth of the shaft system (approximately 3/4 in.) while staying within acceptable thrust loads. It also had to be capable of supporting the weight of the unsupported free turbine output shaft and, at the same time, be lightweight and require minimum axial space to keep lateral critical speeds away from operating speeds. The coupling also had to be suitable for one engine out operation (removed or windmilling). Finally, due to the proximity of the coupling area to the gas turbine exhaust, it has to be capable of being operated under extreme temperature changes (-25 to +250 F).
Several coupling types were investigated, and a flexible diaphragm coupling was selected. The principle of operation of the flexible diaphragm is that its cross-sectional area must be thick enough to carry the rated torque load and must be thin enough to bend with changes in alignment throughout its operating range. Equally important, this coupling requires no lubrication, has no moving or wearing parts, and is noiseless, resulting in no Coupling maintenance throughout the life of the Twin Pac.
Switchgear
The engine controls and high-voltage switchgear are located in a single prefabricated, prewired, and pretested metal clad enclosure which includes heating and ventilation.
The 15-kv, Class 3000 amp high-voltage switchgear is contained in three metal-clad compartments located in a row at one end of the enclosure, Fig. 5 . One cubicle contains the generator controls, lightning arrestors, and surge capacitors; the second contains the main generator air circuit breaker and current transformers; the third panel contains protective relays and the 112.5-kva, 13.8-kv/480-v station auxiliary transformers. Other equipment in the metal-clad enclosure consists of the gas turbine instrument panel, the automatic sequencer cabinet, the motor control center, the 100 amp-hr, 125-v dc battery, space for an additional relay panel and telemetry panel, and a master terminal board arranged for The ecological movement and placement of gas turbines in rural areas has created a need for quieter gas turbine installations. This curve shows the improvement in actual sound treatment performance with increasing demands. Gas turbine site selections are rarely limited by unacceptable noise emission all external connections via quick-disconnect plugin cable terminations. The latter system eliminates field interconnecting wiring and check-out, as all the interconnecting control cables are pretested at the factory, and the complete unit functionally checked by a real-time dynamic simulator. This feature alone has reduced the average installation time of a Twin Pac by 40 percent: Prefabricated high-voltage bus duct, with field connections via insulated boots in lieu of tape, connect the generator to the switchgear.
Sound Treatment and Enclosures
An important consideration in designing the Twin Pac was the sound energy output of the gas turbines. This resulted in a sophisticated silencing system consisting of sound-treated and weather-protected equipment enclosures for the gas turbine and electric generator and intake exhaust silencers. Inlet and exhaust silencing is aerodynamically designed to handle the gas turbine combustion air and the electric generator cooling airflow at minimum pressure drop.
The enclosures are prefabricated and shipped to the field for ease and speed of erection. Durable, long-life construction is used throughout the design. The walls of the enclosure are of sandwich construction. The exterior is 3/16-in.-thick steel plate which is sand blasted and prime painted. Finish painting is done in the field to the customer's choice of paint and color scheme. Interior construction is of a galvanized perforated sheet steel which is painted for additional protection and appearance. These materials sandwich 6 in. of fiberglass acoustical insulation. It can be seen that for a "peaking unit" (yearly operation of 1000 hr or less) the time period for recovering filter costs can vary greatly, depending on site conditions, while for units operating in excess of 1000 hr per year, the effect of site conditions on cost-recovery time becomes practically meaningless as the yearly operating time increases
The enclosures are shipped complete with interior piping, lighting, fire-protection system, and convenient electrical outlets.
The construction of the silencer is also designed for durability and long life. The silencing design is of the parallel baffle dissipative type. The exhaust silencer internal materials, which are exposed to the hot gas stream, are type 409 stainless steel. Early gas turbine exhaust silencer designs have progressed from mild carbon steel to "Corten" steel, a rusting steel, and finally to the current use of stainless steel. Although Corten has the necessary corrosion resistance, the thermal cycling has caused the protective rust to peel off, resulting in short life. The useful service life has now progressed to a point where today life spans of 10 to 20 years can be expected. The sound enclosures can be seen in
Figs. 6 and 7.
Other recent improvements in sound enclosures and treatment have made possible lower sound levels than could be achieved with the same prime movers a year ago (Fig. 8) . These improvements This concept is applicable in high labor coastal areas where land is a premium and where temporary power is required include a sealed inlet plenum chamber, an independently supported exhaust stack, thicker, therefore more absorbent, enclosure walls, and use of reactive resonance chambers to supplement the absorbent baffle silencers. In our latest design, engine removal is through an overhead hatch in the roof of the enclosure, instead of through the inlet plenum which speeds up engine removal as well as eliminates the possibility of leakage of highfrequency sound. By supporting the exhaust stack on its own structural steel, exhaust stack vibrations are isolated, preventing stack generated noise from exciting the enclosure walls. The thickness of these enclosure walls has been increased from 4 to 6 in. of Owens Corning type TIW or TWF fiberglass packing. The steel throughout the enclosure remains 3/16 in. thick, but the steel for the stack has been increased to 1/4 in. for increased noise attenuation and stiffness.
Foundations
The gas turbine and the accessories are supported on a simple slab-type poured, reinforced, concrete foundation. The major requirements for determining foundation design is the load-bearing capacity of the soil. Virtually all types of foundations have been used in the construction of our Twin Pacs, including mat designs, pile supported, and load spreading "raft" designs.
Other Features
Some major non-standard features, which are site-oriented, include primary air filtration, water wash, engine heating, evaporative coolers, central control room for multi-unit sites, and aluminum-faced enclosures. Primary air filtration is accomplished by a unitized inertial air filter which rests on the primary intake silencer. Bleed air, which is about 10 percent of the primary air, collects the effluent and ejects it away from the inlet. The economic decision on the requirement for air filters is largely based on the number of operating hours per year, as well as the site conditions. For a peaking unit running only hundreds of hours per year, the pay-back period, considering maintenance costs due to erosion, is relatively long. For a base load unit, however, the pay-back period is short (Fig. 9) . Our normal filter is 93 to 95 percent efficient for 10-micron particles. Bleed flow is induced by a 10-hp blower at 16,600-scfm nominal.
Water wash may be a requirement where saltladen air can foul the compressor. This, coupled with mild engine heating to just above the dewpoint, prevents collection of saline water and resultant corrosion problems in the engine during prolonged downtimes.
Evaporative coolers, which extend the gas turbine performance, are justified in geographical areas which are predominantly hot and dry. The cooling effect of the evaporating water allows the gas turbine to put out approximately 9 percent more power (40 percent humidity, 100 F) at the The basic Twin Pac configuration consists of a combined high-voltage switchgear and low-voltage control enclosure. However, for multi Twin Pac sites, it is sometimes desired to have a common control room. The high-and low-voltage portion is designed to be conveniently separated, with the main breakers and high-voltage switchgear positioned near the generators and the modular control areas combined into one control area.
There are many other miscellaneous nonstandard features to which the Twin Pac is easily modified, including larger control areas to accommodate the customer's equipment, left-and righthand configurations, above or below ground entry for 15-kv line, color of enclosures, horizontal exhaust to tie into a waste heat boiler, as well as the usual and numerous electrical type options.
OTHER APPLICATIONS Barge Pac
Aside from the basic generating plant, the Twin Pac has also been applied to other concepts of power generation, one of which is the versatile Barge Pac shown in Fig. 10 . This 180 -mw unit consists of four Twin Pacs installed on a concrete barge. Its dimensions, 160 ft long x 75 ft wide x 12 ft deep with a loaded draft of 9 1 /2 ft, make it capable of navigating locks with a minimum width of 80 ft.
The barge is moored by means of spring lines. The plant-to-shore power cable connections are provided through twin A-frame takeoff tower structures on the barge, complete with lightning arrestors and disconnect links, which connect it to the constant tension shore transmission system. The fuel and other service lines are interfaced at the barge structure facing dockside and are wired to customer supply lines by means of gangway supports.
The important feature of the barge is that this high power generation package is confined in a minimum amount of space and requires no extensive property allocation for its installation and generation. The unit's flexible mobility to any waterfront is inherent in this design. The barge can be towed to coastal load centers, mainly to those where both land and labor are very costly, where they are easily connected, with a minimum of on-site installation labor, to a high-voltage transmission system. They can then be readily disconnected and towed to other locations.
The design of the hull and structure meets the classification requirements of the American Bureau of Shipping. 
TURBO STEAM PAC SCHEMATIC
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41.
Fig .12 The combined cycle plant, which consists of two Twin Pacs, two boilers, and a single steam turbine with an air-to-water-cooled generator, is shown schematically. Double injection steam turbine develops a power output which is a function of the boiler steaming rate. This rate, in turn, varies with gas turbine power. Use of this concept allows the maximum cycle efficiency to be developed over entire operating range of plant Combined Cycle Plant A significant application of the Twin Pac to fulfill mid-range power generation needs is the 125-MW Turbo Steam Pac, Fig. 11 . This combined cycle module consists of two Twin Pacs, each rated nominally at 45 MW, two unfired waste heat boilers, and a steam turbine generator set. Hot exhaust gas from the four gas turbines, which are the prime movers in the two Twin Pacs, is sent to two waste heat boilers. In the boilers, the exhaust gas energy is transferred to the boiler water producing steam at 800 and 150 psi. This steam is sent to a double injection load following steam turbine where it is converted into shaft energy, producing an additional 35 MW of power above the 90 MW of gas turbine power, for a net plant output of 125 MW. This dual-pressure concept is used to obtain the maximum operating efficiency without requiring firing the waste heat boilers and to allow modular construction with minimal field cost (Fig. 12) .
The Turbo Steam Pac is presently designed to be operated from a central control room by an operator and roving assistant. Steady-state and normal transient operation of the plant are fully automatic. Start-up and shutdown are controlled by the operator from the central control room. The gas turbine section of the plant is fully automatic and can be brought from a shutdown condition to 70 percent of total plant power in less than 3 min. The steam plant, which comprises the remaining 30 percent, can be brought on the line in 30 to 90 min., depending on plant temperature.
This equipment is arranged in such a manner that the gas turbine plant can be operational before the total plant is completed (less than one year for the gas turbine plant, and less than two years for the total plant). Since the Turbo Steam Pac is unfired and has a low heat rate (less than 9000 Btu/kwhr EHHVJ or approximately 30 percent less than the simple cycle), the thermal, gaseous and particulate discharge is at a minimum, an important ecological factor.
High plant efficiency can be maintained throughout most of the operating range by securing one turbine and its associated boiler at 50 percent load and below, resulting in a full load heat rate at 50 percent load.
Simple-cycle operation is achieved by having all bypass gates open to the atmosphere and all boiler gates closed.
OPERATING FEATURFS
The Twin Pac contains all of the equipment required for local unattended operation and has provisions for remote control, either through hardware or telemetry. The Twin Pac is capable of starting up in the event of loss of a-c electrical power. This built-in starting capability, plus the ability of the unit to assume full load in less than 4 min. after initiation of the start signal, provides excellent protection in the event of a "black-out."
The unit can be restarted after the Stop Switch has been actuated, provided the shutdown sequence has not progressed to the fuel cutoff stage, at which point the engine must be allowed to come to windmilling speed before restarting. This requires approximately 1 min. Protective relays will prevent restarting during this phase of shutdown sequencing.
In the event of electrical or mechanical fault, protective relays will automatically protect the equipment.
When the unit is not required for peaking power, it may be employed as a synchronous condenser. The unit may be put in service as a synchronous condenser from the shutdown condition or directly from the generating condition. It may also be shifted directly from the synchronous condenser condition to the generating condition. On actuation of the start switch, the unit starts and will automatically sequence through the start cycle, synchronize to the line, close the main breaker, and load to minimum load. At this point, the gas generator will automatically sequence to a shutdown condition leaving the main breaker closed and the generator operating as a synchronous condenser. The free turbines and engines are now in a windmilling condition. With the implementation of a full capability regulator, the generator will provide approximately 35 MVAR lag and 15 MVAR lead absorbing approximately 3 MW.
The unit's fast start capability, even when starting from a cold standstill condition, will often qualify it for "Spinning Reserve" capacity. Further, a unit which is operating in the synchronous condenser mode is already up to speed, synchronized to the system, and spinning with the system. During windmilling operation, the engine is at cranking speed. To initiate a start requires only the introduction of fuel, just as a hydrostation requires only the flow of water. Switching a synchronous condenser unit to the generating mode will provide almost instant power. As the engine accelerates from a windmilling condition to full speed, power will go from negative (motoring condition) to positive generating condition). Therefore, the synchronous condenser mode of operation has the additional advantage of qualifying for rotating spinning reserve and may be added to the system spinning reserve capacity. When in the spinning reserve condition, the time to full load is 1 min. at the "fast" loading rate, and 5 min. at the "normal" loading rate.
Whenever it is necessary to decouple one of the engines for inspection or repair, the station is still able to operate at half power, or when one of the engines is not operative but still coupled to the generator, the unit will operate at a little less than half power while windmilling the "out" engine. These features make the Twin Pac unique from a single-engine unit.
INSTALLATION
MAINTAINABILITY
In the designing of the Twin Pac, the access area around the equipment was taken into consideration in order to provide sufficient space for maintenance of the unit. The concrete enclosures allow more than enough room since there are no dimensional limitations. The steel enclosures have certain shipping limitations on the size and weight; however, there is adequate room around the equipment for easy accessibility.
Because the Twin Pac is of a modular design, field erection costs and time are minimized. There are 11 large modular pieces in all, including the turbines, generator, various enclosures, subassemblies, and starting system, plus extra stacks for additional sound treatment. The modules are factory tested and shipped to the site simultaneously, also contributing to the quick installation of the unit. A new concept has recently been successfully introduced which reduces the field erection time significantly. This is the quick disconnect cable/simulator system. With this system, equipment can now be brought to the field, installed, and connected by direct burial cables through quick connectors, circuits energized, and the unit is ready to run. This is accomplished with the aid of simulators which functionally test the equipment in the factory, where costs and labor are better controlled, simulating transient, steady state, or fault conditions. Not only does this sytem reduce erection time in the field, but it also eliminates much field testing, , thus reducing cost and labor.
Although the construction of the gas generator and free turbine permits most of the maintenance requirements to be met without engine removal, a complete engine changeout can be accomplished within 6 to 20 hr, depending on the urgency of the situation, thus assuring maximum availability. The ease of engine removal is attributable mainly to its relatively small size and lightweight, as well as to a well-integrated enclosure that includes equipment removal features, such as hatches for equipment egress and free turbine handling rails.
SUMMARY
The gas turbine has proved itself in the past to be a very efficient tool for managers of electric utilities to provide dependable electric power to their customers. It has become even more efficient through the flexible Twin Pac concept, which retains all of the features of the singleengine plant and, at the same time, provides a wider range of applications, variations, and operating features possible only with this two-engine design.
